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Abstract- 1-5 Napthalenedisulphonic acid (NDSA) doped polypyrrole thin films are prepared 
by chemical oxidation polymerization and applied as modified claddings to optical fibers for 
organophosphate (dimethyl-methyl phosphonate, DMMP) sensing. DMMP sensing takes place 
via intensity modulation in multimode fibers due to refractive index modulation in polypyrrole 
films due to DMMP adsorption. The polypyrrole films are characterized by FTIR and Raman 
spectroscopy. Ellipsometry and thin film transmission study is conducted to monitor refractive 
index modulation in polypyrrole thin films upon DMMP exposure. The developed fiber optic 
sensor shows a sensitivity of 134ppm towards DMMP.  Influence of sensing element length, 
sensing element diameter and input light intensity on the sensor response is investigated. The 
selectivity, environmental and thermal stability issues are also addressed. 
 
Index Terms: Conducting Polymer, Optical fiber Sensor, Polypyrrole, DMMP, Nerve agent, 
Evanacent wave sensing, chemo-chromic transducer.  
 
I.        INTRODUCTION 
 
Organic Conducting polymers have a unique ability to show both the mechanical 
properties of a polymer and electrical properties of a conductor which has attracted 
interest in potential technological applications. Conducting polymers such as polypyrrole, 
polyaniline, polypthiophene, polyindoles, polyacetylenes show a reversible change in 
their resistance when exposed to certain vapors, these materials are easy to prepare, show 
excellent ambient stability and show a very rapid and reversible adsorption/desorption 
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kinetics, they have therefore attracted much attention in the area of gas sensing. The 
research in gas sensing using electronic materials as a transducer has progressed in 
various ways which include, Langmuir-Blodgett thin films[1][2], Multi-electrode sensor 
array[3], as coatings for Quartz Crystal Microbalance sensors [4][5][6], Microcantilever 
sensors [7], Chemiresistor using single walled carbon nanotube (SWNT) [8][9] and as 
modified cladding’s in optical fiber sensor [10][11][12]. Polypyrrole is one of the most 
stable of the heterocyclic conducting polymer under ambient conditions [13]. Polypyrrole 
has recently been the most extensively studied material for its use as a transducer material 
in gas sensor devices. 
 
Fiber optic sensor systems provide with numerous advantages over conventional 
systems which include immunity to electromagnetic interference, small and compact size, 
sensitivity, remote sensing, ability to be multiplexed and the most important of which is 
the ability to be embedded into textile structure[14]. This work combines the advantages 
of optical fibers and ease of processibility and gas sensing ability of polypyrrole to 
construct an intrinsic optical fiber sensor for sensing nerve agent sarin stimulant 
organophosphate dimethyl-methylphosphonate (DMMP). The sensor developed uses 
NDSA doped polypyrole as the modified cladding to optical fibers.  The sensor works on 
the principle of intensity modulation induced within a multimode optical fiber [15]. The 
passive glass cladding of the fiber is replaced by the DMMP Sensitive material i.e. 
NDSA doped polypyrrole is coated on a small section of the fiber. Intensity modulation 
takes place when the presence of DMMP changes the complex refractive index of the 
transducer material. NDSA doped polypyrrole films are prepared on silicon substrates 
and characterized using the FTIR and Raman spectroscopy, indicating the presence of the 
standard polypyrole functional groups. The DMMP sensing properties of the thin films is 
examined using ellipsometry and optical transmission experiments to reveal refractive 
index and absorbance changes in NDSA doped polypyrrole films upon DMMP exposure. 
Sensing elements of 1cm and 3cm length are prepared and the influence of the sensing 
element length on the sensor response is investigated. The influence of fiber over-etching 
form 105 micron core diameter to 96 and 93 micron core diameter on the sensor response 
is studied. The influence of the light intensity on the sensor response is also investigated.  
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The sensing elements are treated with unsaturated Cu2+ ions to create selective DMMP 
adsorption sites and tested with other gases such as ammonia, water vapor, acetone and 
methanol for selectivity study. High sensor response for DMMP indicates a certain 
degree of selectivity towards DMMP as compared to other potential analytes. 
Environmental aging and thermal stability of the device is studied by the four probe 
conductivity measurements and sensor tests.  
 
II.        SENSOR DESIGN 
 
The optical fiber sensor developed in this work is based on the modified cladding or 
coating design. The passive cladding of the optical fiber is removed form a small section 
and is replaced by a chemo-chromic material as shown in figure 1. The refractive index is 
a complex quantity given by eq(1) 
ncomplex = nreal + ik         (1) 
  where ncomplex complex refractive index of a material 
              nreal Real part of the refractive index 
             k complex part related to the absorbance of the material. 
Any change in the real refractive index or the absorbance of the material due to the 
presence of the analyte, changes the transmission properties of the optical fiber. Since the 
reported value [16][17] of the refractive index of polypyrrole films lies between 1.5 to 
1.8, this value is higher than the core refractive index of 1.45. This gives rise to leaky 
modes in the polymer modified cladding as shown in figure 1.  
 
 
 
 
Figure 1.  Schematic for leaky mode sensing where {n(modified 
cladding)>n(core)>n(cladding)}. 
 
But the medium surrounding the modified cladding is air that has a refractive index much 
lower than that of the modified cladding. The boundary between the air and the modified 
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cladding can support total internal reflection and some light is reflected back into the core 
leading to transmission of light through the modified region. Any change in the refractive 
index of the modified cladding due to the analyte can change the condition of total 
internal reflection between the modified cladding and air and can result in an intensity 
change. 
 
III.         EXPERIMENTAL 
 
The fiber sensor fabrication is done by etching the fiber cladding to expose the core and 
to coat the chemo-chromic polypyrrole film on the etched section. An all silica 
multimode fiber with core/cladding/jacket dimension of 105/125/250 m was used in this 
work.  A meter length of optical fiber is used and a small sections i.e. 1cm and 3cm of the 
jacket is stripped off the center of the optical fiber.  
 
a. Fiber etching 
The exposed section of the fiber is immersed in HF (hydrofluoric acid) solution which 
etches and removes the glass cladding of the optical fiber. Figure 2 illustrates the etching 
process, while the fiber is immersed in the etching solution (HF) the fiber is connected to 
a He-Ne light source and a photo-detector and the power is continuously monitored. 
There is a sudden drop in the monitored power as the cladding is completely removed. 
After which the etching is stopped by rinsing the fiber in DI water. A concentration of 
16.3% HF takes 30 min to etch away a 10 micron thick cladding. 
 
 
Figure 2.  Schematic showing the fiber etching process. 
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b. Fiber Coating  
The etched optical fiber is coated with polypyrrole by in-situ chemical oxidation of the 
pyrrole monomer around the optical fiber. Polypyrrole thin films on glass slides or silicon 
substrates are also coated simultaneously in the same solution as the etched fiber. The 
monomer solution is prepared by adding pyrrole (98% Aldrich) to 100ml of deionized 
(DI) water. The Oxidant solution is prepared by adding 3.5gms FeCl3-6H2O (and dopant 
acid NDSA) to 100ml DI water.  In the in-situ deposition process the optical fiber is 
suspended in the oxidant solution and the monomer is then added to this solution, the 
monomer polymerizes by chemical oxidation, coating the fiber in the process of 
polymerization. The fiber is kept in the polymerization solution for 15 minutes. The 
coated fiber is then washed with DI water to remove the excess oxidant. 
c. Sensor Test 
The sensing elements prepared is cleaved at both ends to have mirror flat edges using the 
York F11 fiber cleaver, perfectly flat fiber edges gives optimal light coupling into the 
fiber. The cleaved sensor element is then connected to the He-Ne light source  
 
Multimode silica fiber 105/125/250 Sensing element 
 
Laser He-Ne 633nm 
Signal Detector 
Power Meter 
LED 
Oscilloscope 
Signal Detector DMMP Gas source 
Trigger Mechanism 
Figure 3. Block diagram showing the experimental setup for the sensor test. 
 
(wavelength 633nm) and a photodetector (Newport 818 SL wavelength range 400-1100 
nm)  the experimental setup is shown in the figure 3.  The sensing element is exposed to 
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DMMP vapor for about 2 minutes. The output intensity is recorded by a power meter, 
which is connected to an oscilloscope for real time measurement. 
IV.      RESULTS AND DISCUSSION 
a. Polypyrrole Characterization 
Infrared absorption and Raman scattering are two very useful tools to characterize the 
structure of the synthesized polypyrole. 
FTIR spectroscopy 
FTIR on polypyrrole films deposited on silicon substrate was performed using the 
Digilab UMA-600 Micro-FTIR in the reflectance mode. The infrared spectra of 
polypyrrole film prepared by in-situ deposition using the FeCl3 oxidant in the region 
2000 to 700 cm-1 is shown in figure 4. There are several research groups [18][19][20] that 
have made assignments to vibrational modes of polypyrrole. The band occurring at 1540 
cm-1 corresponds to the C-C stretching vibration in polypyrrole ring. The band occurring 
at 1459 cm-1 for insitu deposition corresponds to the C-N stretching vibration in the ring. 
The broad band from 1400 to 1250 cm-1 is attributed to C-H or C-N in-plane deformation 
modes. The polypyrrole ring breathing vibration is found in the region between 1250 to 
1100 cm-1, with a maximum situated at 1168 cm-1. The other bands include C-H and N-H 
in-plane deformation vibration at 1045 cm-1 and the C-C out of plane ring deformation 
vibration at 966 cm-1. The C-H out of plane vibration arises at 894 cm-1.  The peak at 794 
cm-1 represents the C-H out of plane ring deformation. Much sharper peaks are obtained 
for longer times of deposition as seen from the figure 4, indicating higher degee of 
polymerization. 
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Figure 4. FTIR spectra of polypyrrole films on silicon substrate for 5, 10 and 30 min in-
situ deposition time. 
Raman Spectroscopy 
Raman spectroscopy was performed on insitu deposited polypyrrole films on silicon 
substrates using the Raman Micro Spectrometer (Renishaw 1000) employing a 633nm 
He-Ne laser using 12.5mW total power. Raman spectroscopy is one of the important 
techniques to obtain structural information on polypyrrole.  There have been many 
researchers who have studied raman spectra of polypyrrole [19][21][22]. The sharp peak 
occurring at 1593cm-1 may be attributed to C-C and C=C ring stretching and N-H in 
plane bending vibration. The low intensity peak at 1502cm-1 may be attributed to C=C 
and C-N ring stretching and C-H in plane bending vibration. The broad peak at 1383cm-1 
may be due to the C-H and N-H in-plane bending vibration. The peak at 1249 cm-1 may 
be attributed to the C-C inter-ring stretch and C-H, N-H in plane bending vibration. The 
peak at 1089cm-1 may be attributed to C-H and N-H out-of-plane bending vibration and 
the peak at 1064cm-1 is attributed to C-C ring stretching and C-H in-plane bending 
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vibration. The peaks at 933cm-1 and 967cm-1 is attributed to C=C ring stretching and C-H 
and N-H ring in-plane bending vibration.     
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Figure 5.  Raman spectra of polypyrrole films on silicon substrate for 5, 10 and 30 min 
in-situ deposition time. 
FTIR and Raman spectroscopy both reveal that the optimal time to process polypyrrole 
using oxidative polymerization is greater than 10 minutes. 
 
b. Thin film sensing property 
The real and complex refractive index of the NDSA doped polypyrrole thin-film were 
experimentally investigated using the ellipsometry for the real part and thin film 
transmission experiment for the complex part of the refractive index. Refractive index 
modulation in the polypyrrole thin films were monitored in-situ by exposing the films to 
DMMP, and carrying out refractive index measurements before and after DMMP 
exposure  
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Ellipsometry 
 
Ellipsometry measurements were carried out using the Woolham M 2000 U ellipsometer  
Fabricated by the J. A. Woolham Co. The principle of ellipsometry used to characterize 
the optical properties of thin films have been reviewed by many authors [23-27]. 
Ellipsometry involves the measurement of the change in the state of polarization of the 
incident light beam after reflection from the surface of interest. These polarization state 
changes are described by the ellipsometric angles Ψ and Δ.  The Levenberg-Marquardt 
multivariate regression algorithm was employed for the fitting process. Thin films were 
deposited on p-type silicon substrates using 5min, 10min and 30min in-situ deposition. 
The spectra of ellipsometric angles Ψ and Δ were made in a spectral range of 245nm to 
1000nm using a broad band Xenon arc lamp. The refractive index values recorded for the 
5min, 10min and 30min deposition sample were 1.67, 1.88 and 1.97 respectively. These 
values of refractive index for NDSA doped polypyrrole films indicate that when applied 
as modified cladding it will lead to a leaky mode operation of the fiber sensor. In-situ 
experiments to record the change in refractive index of NDSA – doped polypyrrole films 
upon DMMP exposure were conducted. The DMMP vapor was puffed on the 5min in-
situ deposited film surface using a syringe, the refractive index values were measured 
before and after exposure. The results reveal an increase in refractive index from 1.677 
before exposure to 1.7238 after DMMP exposure. This increase is attributed to the 
conductivity increase in polypyrrole films due to DMMP adsorption. It is believed that 
DMMP interacts with the polypyrrole to increase the number and mobility of the hole 
charge carriers in the polymer back bone [28-29]. 
             
 
Thin film transmission 
 
Thin film transmission experiment was designed to calculate the absorbance change in 
NDSA doped polypyrrole films upon DMMP exposure. The experimental setup shown in 
figure 6 uses a He-Ne laser (wavelength 633nm), a neutral density filter is used to reduce 
the intensity of light  
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Figure 6.  Schematic of the experimental setup for measuring the absorbance of 
polypyrrole thinfilms. 
 
seen by the detector. The transmitted light intensity before and after the film insertion in 
the light path is recorded to calculate the absorbance of the film using the eqn(2). The 
thin film thickness was measured using the cross section SEM image of the thin film as 
shown figure 7.  
A = log(Io/I) = (αz)/2.303                                                                                             (2) 
k = α(λ/2π) = (2.303Aλ)/(4πz)                                                                                      (3)  
Where A specimen absorbance 
            k extension coefficient 
Io is direct intensity without the sample 
            I is the intensity with sample in its path 
 α is the absorption coefficient 
 z sample thickness 
 λ wavelength of the light source used 
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Figure 7.  ESEM micrograph showing polypyrrole thin film cross section for 15min instu 
deposition. 
 
The calculated extinction coefficient for the thin film using the eqn(3) above is 0.06768 
The film was then exposed to DMMP (134 ppm) and the transmission through the film 
was recorded in real time as shown in the figure 8. As seen from the result the 
transmission through the film has decreased by 4.6 %.  The extinction coefficient for the 
film after the DMMP exposure is 0.07017. This increase in the absorbance is attributed to 
the change in the number of charge carriers in the polymer back bone due to DMMP 
adsorption. 
 
c. Sensor Test 
The sensing element is tested for DMMP response (Concentration of 134 ppm) as 
described in the sensor test section above.  The percentage response was calculated using 
the eqn(4) given below 
% Sensor Response = {(Iout  - I´out)/ Iout}×100     (4) 
Where Iout is the average light intensity before gas exposure 
           I´out is the average light intensity after gas exposure 
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Figure 8. Polypyrrole thin film transmission change before and after DMMP exposure 
 
Sensor tests were conducted to investigate the influence of sensing element length, fiber 
diameter and intensity of light source on the sensor response. 
 
c.i Influence of sensing element length 
Two different sensing element lengths i.e. 1cm and 3cms, were etched and coated in-situ 
by NDSA doped polypyrrole.  Figure 9 shows the sensor response for both the sensing 
elements to DMMP. As seen from the sensor response there is a 15.75% decrease in 
intensity for the 1cm long element where as a 41.17% response for a 3cm long sensing 
element when exposed to DMMP. The decrease in light intensity is attributed to the 
increase in the number of leaky modes and absorbance of the NDSA-doped polypyrrole 
films due to the increase in the refractive index in the films due to DMMP adsorption, as 
observed in the ellipsometry and thin film transmission experiments. The increase in the 
percentage sensor response due to the increase in the sensing element length from 1cm to 
3cm can be explained by the three fold increase in the number of interactions between the 
core and cladding interface of meridional rays as shown in the figure 10 
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Figure 9 Sensor response to DMMP for sensing element length 1cm and 3cm. 
 
 
өcφr 
 
Figure 10 Schematic showing the trajectory of a meridional ray in an optical fiber 
 
The number of meridional ray interactions at core – cladding interface is given by eqn(5) 
Nm = {L (tan φr)}/ (2a)                       (5) 
where 
L  fiber length 
a  core diameter 
The figure 11 shows a plot of the number of meridional ray interactions at the core-
cladding interface (Nm) and the sensing element length. It is seen from the plot figure 11 
that there is a three fold increase in these interactions which may be responsible for the 
almost three fold increase in the percentage sensor response obtained by changing the 
sensing element length from 1cm to 3cm. 
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Figure 11 Graph showing linear rise in number of meridional ray core cladding 
interactions as the sensing element length is increased. 
 
c.ii Influence of fiber diameter 
The sensing element region was over etched into the core to investigate the influence of 
over-etching on sensor response. Figure 12 shows the sensor response obtained for 105 
microns, 96microns and 93microns respectively, 105 microns being the core diameter. It 
is seen that the sensor response due to over etching 9 to 12 microns into the core results 
in a increase of percentage response from 15.75% for the 105 micron diameter to 21.19% 
and 42.68 % for the 96microns and 93 microns respectively. This increase in the sensor 
response may be attributed to the increase in the number of leaky modes interacting with 
the modified cladding due to a decreased core diameter. Also there is an increased 
electric field in the absorbing cladding due to a decrease in the core diameter in the 
sensing region given by the eqn(6) 
E = Eo exp(-(r-a)/dp))         (6) 
Where  
Eo is the electric field at the core cladding interface 
a is the core radius 
dp is the evanescent field depth.  
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Figure 12 Sensor response to DMMP for fiber diameters 105, 96, 93 microns. 
 
c.iii Influence of light source intensity 
The influence of light intensity on sensor response to DMMP was investigated using a 
15mW He-Ne laser (632nm). The sensor response obtained for light power 1mW, 2mW, 
3mW and 4mW is shown in figure 13. The percentage response for the sensors show a 
maximum for the 3mW power i.e. 19% which reduces to 10% when the light power is 
4mW as compared to 15.75% for 1mW and 11% for 2mW. The reason for this decrease 
in the sensor response is not clear at the moment, but at higher light powers we suspect 
some material degradation of the polypyrrole due to sensing element heating which may 
deteriorate the sensor response.   
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Figure 13 Sensor response to DMMP for light intensity 1, 2, 3 and 4 mW respectively. 
 
c.iv Selectivity 
Selectivity of the developed sensor towards DMMP is a very important issue and needs to 
be addressed. It is known that polypyrrole films show electronic changes when exposed 
to vapors like ammonia, hydrogen-peroxide, organic vapors like acetone and methanol. 
The developed sensor was tested for its cross sensitivity to other potential analytes like 
ammonia, acetone, methanol, and water vapor.  Figure 14 shows the percentage sensor 
response data on the sensor test. Though there is negligible intensity change of 0.4% in 
the presence of water vapor there is an observed intensity decrease of 4.2 % upon 
ammonia exposure and an intensity increase of 3.8 % and 2.8% upon exposure to acetone 
and methanol respectively. These responses are attributed to the polypyrrole swelling 
upon exposure to acetone and methanol [30] and the primary doping to polypyrrole when 
exposed to ammonia [31]. Kepley et al [32] have established enhanced selectivity and 
sensitivity to organophosphates to surfaces treated with Cu2+.  The rational for the 
addition of metallic copper ions in the polymer structure is that, Cu2+ and some of its 
chelates are hydrolysis catalysts for nerve agents. Unsaturated Cu2+ are thus expected to 
provide with selective and reversible binding sites for organophosphates.  Optical fiber 
sensing elements were processed using NDSA doped polypyrrole as modified cladding 
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and the coated section was dipped in 1M Cu(ClO4)2.6H2O (Copper(II) perchloride 
hexahydrate) solution. The response obtained for Cu2+ treated sensing elements is much 
enhanced (25.75%) than the regular untreated fiber (15.75%), which is attributed to the 
specific Cu2+ DMMP binding sites which may have formed in the polypyrrole structure.   
We have obtained a 5 fold increase in the percentage response for DMMP when treated 
with unsaturated Cu2+ ions as compared to other gases, this difference in the response 
amplitude may be used to selectively distinguish DMMP from other potential analytes 
which react with polypyrrole producing a much lower sensor response.    
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Figure 14 Percentage sensor response for sensor test with analyte DMMP, ammonia, 
acetone, methnol and water. 
 
c.v Thermal & Environmental  stability 
The light transmission through the fiber sensing elements were tested for the 
influence of temperature. It was reported earlier that there is a light power transmission 
decrease as the temperature is increased from room temperature (25°C) to (50°C) as seen 
in figure 15a [33]. Four probe resistivity measurements on the polypyrrole thin films, 
shown in figure 15b. This decrease in output power is attributed to the decrease in the 
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resistivity of doped polypyrrole films upon temperature increase [33-36]. Thermal 
stability of the polypyrrole films is reported to have improved by incorporation of 
aromatic dopants such as anthraqunione-2-sulphonic acid in polypyrrole [37]. 
The environmental stability study was performed by aging the polypyrrole thin 
films and sensing elements over a period of 5 weeks and constantly monitoring the sensor 
response and the resistivity of polypyrrole. The four probe technique was used to measure 
the sheet resistance of the polypyrrole films deposited on glass slide by insitu deposition. 
The aging was performed at room temperature (25°C) and at a 30% relative humidity. A 
constant sheet resistance increase in the polypyrrole films is reported over a period of 21 
days as seen in figure 16a [33]. This decay of conductivity in polypyrrole films is 
attributed to the oxidation of the polymer back bone, resulting in a reduction of the 
conjugation length, hence a decrease in conductivity. The sensor response is observed to 
decrease from 15.75% overnight to 3.7% for a five week aging process, figure 16b. This 
decay of the sensor response may be attributed to the decay in the resistivity of the 
polypyrrole films due to aging. Addition of 2,4-dihydroxybenzophenone in the 
polymerization mixture results in a reported enhancement of the stability of the films at 
ambient conditions [37].  
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Figure 15 (a) Light intensity through the optical fiber as the temperature is increased from 
25 to 50oC respectively, (b) Sheet resistance decay as the temperature is increased of 
polypyrrole thinfilms from 25 to 55oC [33] 
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Figure 16 (a) Sheet resistance measurements on aging polypyrrole thin films,  (b) Sensor 
response for 1, 3 and 5 weeks of ambient aging of the sensing element, [33]. 
 
V.      CONCLUSION 
 
1-5 Napthalene di sulphonic acid doped polypyrrole has been successfully polymerized 
and applied as modified cladding to optical fibers for the detection of DMMP. The sensor 
developed shows a sensitivity to 134 ppm of DMMP. Ellipsometry and thin film 
transmission experiments establish a refractive index change in polypyrrole attributable 
to electronic changes in the polymer backbone due to DMMP adsorption. High 
percentage sensor responses can be obtained by increasing the length and decreasing the 
diameter of the sensing element region. Increasing the light intensity may result in 
heating the sensing element region and decrease in the sensor response. To an extent, the  
sensor can be made selectively sensitive to DMMP by addition of unsaturated Cu+2 ions 
in the polymer structure. The developed device shows poor environmental and thermal 
stability which may be improved by addition of conductivity stabilizers in the polypyrrole 
structure. 
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